^13^C NMR chemical shifts can be used to detect substituent effects on aromatic compounds, which, in turn, are associated with the chemical reactivity of the benzene ring in electrophilic aromatic substitutions.^[@cit1]--[@cit3]^ Benzene ring substituents are classified as activating or deactivating towards electrophilic attack; the former increase the π electron density at the ring whereas the latter decrease it. Moreover, the (de-)activation causes the substituents to be *ortho*-, *meta*-, or *para*-directing.^[@cit3]^ For instance, the NH~2~ substituent is activating and *ortho*- and *para*-directing, whereas NO~2~ is deactivating and *meta*-directing.^[@cit3]^ The substituent effects are usually divided into inductive (or field-) effects, and resonance (or mesomeric) effects, which are thought to be transmitted *via* the σ and π bonding frameworks, respectively.^[@cit4]--[@cit6]^ The inductive effect is electron-withdrawing from the aryl ring for both NO~2~ and NH~2~ but more pronounced for NO~2~ because of the combined electronegativity of the nitrogen and oxygen atoms.^[@cit7]--[@cit9]^

The contrasting behavior of the two groups toward directing electrophilic substitutions is commonly explained by π-resonance structures, suggesting an accumulation of π electron density at the *ortho* and *para* ring positions in the presence of an NH~2~ group, and depletion of π density at the same positions by an NO~2~ group.^[@cit8],[@cit10]^ Recent computational results by Stasyuk *et al.* ^[@cit8]^ utilizing Kohn--Sham (KS) density functional theory and a Voronoi Deformation Density (VDD) charge analysis reinforce these classical arguments and the importance of the π electron delocalization in aniline and nitrobenzene.

The electron-donating and -withdrawing substituent effects in aromatic compounds are associated with pronounced changes in ^13^C NMR chemical shifts.^[@cit11]--[@cit16]^ In a simple model, one associates higher electron density with increased magnetic shielding, *i.e.* less positive chemical shifts. Donating electron groups are then expected to shield the carbon nuclei located at *ortho* and *para* positions, whereas withdrawing electron substituents de-shield at the same positions. *meta* positions are usually unaffected by the substituents, in agreement with the model.^[@cit1]--[@cit3]^ This type of reasoning is often applied to rationalize the effect of substituents on the nuclear shielding at *meta*- and *para*-positions. *ortho*-Positions show a more complex behavior than the *meta* and *para* analogs due to the proximity of the substituent.^[@cit17]--[@cit19]^ For example, the nitro group causes an increased shielding of *ortho*-carbons instead of the expected de-shielding similar to that taking place at the *para* position.^[@cit1],[@cit11]^

π orbitals are commonly invoked to explain the effects of electron donating and withdrawing groups on the ^13^C chemical shifts. However, the large shifts of the protons in benzene itself, classically explained by a π ring-current anisotropy model, were shown to be caused by a large magnetic de-shielding from σ orbitals.^[@cit20],[@cit21]^ It is not clear from the literature what role the σ orbitals may play in the ^13^C chemical shift substituent trends, if any, or what the shielding *vs.* de-shielding mechanisms are for each type of orbital symmetry in relation to the substituent positions. The present study aims at filling this gap of knowledge, by analyzing results from first-principles calculations for benzene, aniline, and nitrobenzene. Quantum mechanical analyses in terms of 'chemist\'s orbitals' representing individual bonds, core shells, lone pairs, and antibonding orbitals, gain insight into how stereoelectronic interactions influence the NMR chemical shifts. The results of the analysis appear to be unintuitive, at first, because the σ orbitals are responsible for the known substituent effects in the ^13^C chemical shifts. However, we also show that there is nonetheless a clear relation between the NMR shift effects and the known chemical effects of the substituents.

Methods
=======

The Amsterdam Density Functional suite (ADF, version 2014)^[@cit22]--[@cit24]^ was used for all calculations. KS geometry optimizations and ^13^C NMR shielding tensor calculations were carried out with the PBE0 hybrid functional,^[@cit25]^ the triple-*ζ* Slater-type atomic orbital (STO) basis with two sets of polarized functions (TZ2P) from the ADF basis set library, recommended options for hybrid functionals, and 'very good' Becke integration grids.^[@cit26]^ The conductor-like screening model (COSMO)^[@cit27]^ with parameters for chloroform was applied to simulate (weak) solvent effects.

^13^C chemical shifts are referenced to TMS. The ^13^C shifts *δ* ~i~ were calculated *via* where *σ* ~i~ is the calculated shielding of the carbon nucleus of interest, and *σ* ~benz~ and *δ* ~benz~ are the calculated carbon shielding and the experimental chemical shift with respect to TMS, respectively, of benzene. It is important to note that the trends analyzed herein are not affected by the nature of the intermediate reference.

An NMR shielding analysis was carried out along the lines of [@cit28] in terms of natural localized molecular orbitals (NLMOs) generated by the NBO 6.0 program.^[@cit31]^ A synopsis is given below in the context of the present work.![](c7sc02163a-u1.jpg){#ugr1}

In order to simplify the discussion, the NMR shift is always the one calculated for carbon no. 1 (C1) in the scheme above, with the R-group in *ortho*, *meta*, or *para* position relative to C1. The calculated C1 NMR shielding tensor (**σ** ^total^) was decomposed into contributions of the diamagnetic (**σ** ^dia^) and paramagnetic (**σ** ^para^) mechanisms. The role of the σ and π orbitals was rationalized *via* analyses of **σ** ^total^, and its dia and para contributions, in terms of individual orbitals. The effect of the magnetic field orientation relative to the molecule was analyzed by considering the principal components σ~11~, σ~22~ and σ~33~ of the shielding tensor in its molecule-fixed principal axis system (PAS). For R-benzene, the σ~11~ and σ~22~ components of the C1 shielding tensor lie in the aryl ring plane, while the most positive tensor component, σ~33~, is perpendicular to the aryl ring plane. The contributions and the complete set of shielding analysis data is provided in the ESI, Tables S3 and S4.[†](#fn1){ref-type="fn"}

Atomic charges were calculated by the Voronoi Deformation Density (VDD)^[@cit8],[@cit32],[@cit33]^ partitioning. Molecular structures were optimized with *C* ~s~ symmetry to allow a decomposition of the total charges into *a*′ and *a*′′ irreducible representations, corresponding to the σ and π frameworks, respectively. To analyze the charge rearrangements on the benzene ring caused by the R substituents, Ph˙ and R˙ radical fragments were generated using a restricted open-shell KS approach.

Results and discussion
======================

The calculated and experimental ^13^C NMR chemical shifts (Table S1[†](#fn1){ref-type="fn"}) show good agreement with the experimental data ([Fig. 1](#fig1){ref-type="fig"}). The calculated and experimental shifts deviate from each other by no more than 2%, which is acceptable. Importantly, the experimentally observed trends are faithfully reproduced by the calculations, which means that a meaningful analysis of the trends can be carried out at the chosen level of theory.

![Calculated (Calc) and experimental (Expt) carbon 1 (C1) isotropic ^13^C NMR chemical shifts for benzene, NH~2~--benzene, and NO~2~--benzene. *ortho* (*o*-), *meta* (*m*-), and *para* (*p*-) correspond to the C1 position relative to R.](c7sc02163a-f1){#fig1}

Relative to benzene, the carbon nuclei have smaller shifts upon NH~2~ substitution in *ortho* and *para* positions. The NH~2~ group effect is larger for *ortho* than *para*. Relative to benzene, the NO~2~ substituent causes opposite effects for the *ortho* and *para* positions: the carbon shift becomes larger with NO~2~ in the *para* position, while the shift decreases in the *ortho* position. The carbon shifts in *meta* position are hardly affected by the substituents.

In the following, we focus on the nuclear magnetic shielding rather than the chemical shift, as it is the more fundamental physical quantity. The shift and shielding scales have opposite signs (eqn (1)). To re-state the trends in terms of shielding:

\(1\) Relative to benzene, the NH~2~ substituent causes increased shielding both in *ortho* and *para* positions.

\(2\) Relative to benzene, the NO~2~ substituent causes increased shielding of in *ortho* and de-shielding in *para* position.

It is important to keep in mind that the terms paramagnetic and diamagnetic are used to refer to different (although somewhat arbitrarily defined) mechanisms that contribute to the total shielding, not the sign of observed trends in the shielding constants or chemical shifts among the set of compounds. However, the diamagnetic shielding is indeed positive for carbon and tends to vary comparatively little among different compounds, while the paramagnetic contribution is usually negative and determines the magnitude and direction of the chemical shift.

The observed shielding trends are indeed associated with the paramagnetic shielding mechanism (Table S2[†](#fn1){ref-type="fn"}). In KS theory, the paramagnetic shielding can be expressed in terms of canonical molecular orbitals (CMOs, the 'usual' orbitals from self-consistent field KS calculations) for each tensor element *σ* ~*u*,*v*~, with *u*,*v* ∈ {*x*, *y*, *z*}, as^[@cit30]^ here, *φ* ~*i*~, *ε* ~*i*~ and *φ* ~*a*~, *ε* ~*a*~ represent occupied and unoccupied KS CMOs and their energies, respectively. The superscript OZ refers to the orbital Zeeman perturbation due to the external magnetic field. The superscript PSO refers to the paramagnetic nuclear spin -- electron orbital perturbation due to the nuclear spin hyperfine magnetic field. Further, *F* and *ĥ* are the KS Fock operator and its one-electron part. The OZ and PSO perturbations of *F* and *ĥ* may be swapped. Irrespective of whether the shielding analysis is carried out in terms of canonical or localized orbitals, eqn (2) indicates that the paramagnetic shielding is associated with magnetic coupling between occupied and unoccupied orbitals, represented by the OZ and PSO matrix elements in the numerators, and the energy gaps between occupied and unoccupied orbitals in the denominators. In the NLMO analysis, the summation over unoccupied orbitals is absorbed into the contributions from each occupied NLMO after transforming the occupied CMO set to the NLMOs.

Both the OZ and PSO matrix elements involve orbital angular momentum operators, because the associated magnetic moments are proportional to the angular momentum (for closed-shell molecules with light elements, the electron spin magnetic moments do not contribute to the shielding). However, in the PSO operators the angular momentum is weighted by the inverse-cube of the electron-nucleus distance. Therefore, the PSO operators mainly sample the electronic structure around the nucleus of interest. The action of a component of the angular momentum operator on an atomic orbital (AO) can be represented by a rotation of the AO (*e.g.* 90° for a 2p AO) or it gives zero (*e.g. L~z~p~z~*). In order for a matrix element unocc\|*ĥ*PSO*v*\|occ to be large, one therefore has to consider the action of an angular momentum component *v* on the part of the occupied orbital that is centered around the NMR nucleus, and whether the resulting 'rotated' orbital has a large overlap with an unoccupied orbital around the same nucleus. The associated paramagnetic shielding contribution, usually negative, is particularly large if the two orbitals are close in energy. This type of analysis for the paramagnetic shielding is sometimes referred to as an 'orbital rotation model'.^[@cit34]^ Note that such models usually rely on a σ/π partitioning of the molecular orbitals, and consequently we used LMOs that have the same partitioning. We do not expect our results to change qualitatively if a different localization technique is used, as long as the localization also gives σ and π orbitals and not the 'banana bond' orbitals for multiple bonds that are produced by some orbital localization methods. (Using one of the latter would also not allow us to make connections with the textbook explanations for the shielding trends, and therefore not be suitable for the present study.)

Only very few orbitals dictate the R effects in the isotropic shielding in R--benzene, as shown in [Fig. 2](#fig2){ref-type="fig"} by comparing the full substituent effects (*i.e.* from all NLMOs) with the added contributions from just the three σ-bonding NLMOs σ~C1--C2~, σ~C1--C6~, and σ~C1--H~. This simplifies the analysis considerably. [Fig. 2](#fig2){ref-type="fig"} also implies that the σ framework of orbitals is predominantly responsible for the substituent effects on the NMR carbon shifts, not the π system. We consider this one of the main findings of the present study.

![Sum of all orbital contributions (all occupied NLMOs) and of only the σ~C1--C2~, σ~C1--C6~, and σ~C1--H~ contributions to the isotropic part of **σ** ^para^ term of the C1 shielding for R--benzenes (ppm). *ortho* (*o*-), *meta* (*m*-), and *para* (*p*-) is the C1 position relative to R. Shielding relative to benzene at 0 ppm.](c7sc02163a-f2){#fig2}

Further analysis reveals that the substituent effects are associated predominantly with the in-plane principal shielding components (σ~11~ and σ~22~). The σ~11~, σ~22~, and σ~33~ components are listed in [Table 1](#tab1){ref-type="table"}. The σ~11~ trends are associated with the σ~C1--C~ NLMOs, while the variations in σ~22~ are associated with the σ~C1--H~ NLMO. (Sometimes, a shielding analysis in terms of CMOs can also be very insightful,^[@cit35]^ in particular when shielding effects can be tied to the orbital energy gaps Δ*ε* ~*i*,*a*~ = *ε* ~*i*~ -- *ε* ~*a*~ in the denominator of eqn (2). We also performed the shielding analysis in terms of CMOs, but decided to forgo a discussion because the trends were less clear, mainly due to the fact that multiple occupied and unoccupied CMOs contribute to the shielding trends and no obvious relationship to the Δ*ε* ~*i*,*a*~ could be identified.) The reason why these different orbitals contribute to the trends in **σ** ^para^ *via* different principal components, *i.e.* due to different orientations of the magnetic fields in the aryl plane, is illustrated by [Fig. 3](#fig3){ref-type="fig"}. σ~C1--C~ and σ~C1--H~ rotations around the respective principal axis, associated with the action of the magnetic field, produce rotated NLMOs that overlap effectively with the same low-energy ![](c7sc02163a-t2.jpg){#ugt2} unoccupied orbital. These overlaps go along with strong magnetic couplings resulting in important contributions to **σ** ^para^ from the different magnetic field directions and orbitals.

###### Sum of σ~C1--C2~, σ~C1--C6~, and σ~C1--H~ NLMO contributions to the σ~11~, σ~22~, and σ~33~ principal components of the C1 paramagnetic shielding of R--benzenes (ppm). *ortho* (*o*-), *meta* (*m*-), and *para* (*p*-) is the C1 position relative to R

  Component   Orbitals[^*a*^](#tab1fna){ref-type="table-fn"}   R                                                                 
  ----------- ------------------------------------------------ ---------- ---------- ---------- ---------- ---------- ---------- ----------
  σ~11~       σ~C1--C2/6~                                      --263.14   --232.79   --266.12   --245.88   --250.64   --261.42   --273.03
  σ~22~       σ~C1--H~                                         --208.88   --188.11   --210.25   --195.31   --216.16   --212.21   --222.95
  σ~33~                                                        --40.69    --49.75    --40.13    --38.97    --35.66    --39.79    --39.16

^*a*^Orbitals responsible for the variations in the shielding tensor components depending on the substituent and position relative to C1.

![Isosurfaces (±0.03 au) of σ~C1--C2~ (a) and σ~C1--H~ (b) NLMOs that may rotate around C1 under the action of the angular momentum/magnetic moment operator (*L*) and overlap with the ![](c7sc02163a-t5.jpg){#ugt5} unoccupied orbital. This overlap indicates paramagnetic coupling of σ and π\* orbitals.](c7sc02163a-f3){#fig3}

To analyze the effect of the R substituents on the σ and π system of the benzene ring, we follow the strategy of Stasyuk *et al.* ^[@cit8]^ and investigate the electron density rearrangement caused by the R-substitution with the VDD charge analysis method. [Fig. 4](#fig4){ref-type="fig"} displays the σ and π contributions of VDD atomic charges for NH~2~-- and NO~2~--benzene calculated relative to phenyl and substituent fragments. The VDD charge of an atom is the electron deformation density Δ*ρ* = *ρ*(R--benzene) -- *ρ*(fragments), times --*e*, integrated over the atomic volume defined by a Voronoi partitioning of the molecule.

![VDD atomic deformation charges (in 10^--3^ *e*) for NH~2~-- and NO~2~--benzene calculated relative to fragments. Negative values mean an accumulation of electron density (negative charge), positive values denote electron density depletion (positive charge). Atomic deformation charges are partitioned into σ (panel a) and π (panel b) contributions upon the C--N bond formation.](c7sc02163a-f4){#fig4}

NH~2~ and NO~2~ substituents are known to be electron-donating and electron-withdrawing, respectively, with respect to the aryl π system, which is reflected in the charge analysis. [Fig. 4](#fig4){ref-type="fig"} shows that the NH~2~ substituent increases the π density on carbon atoms in the *ortho* and *para* positions, whereas the NO~2~ group causes a depletion of π density at the same positions. We obtain similar values as Stasyuk *et al.* ^[@cit8]^ using the VDD technique and therefore our conclusions are in line with the reference.

Regarding the σ system, the charge analysis shows the opposite behavior to the π system (also observed by Stasyuk *et al.*).^[@cit8]^ While the NH~2~ group causes a depletion of density at carbon atoms in *ortho* and *para* position, an accumulation takes place at the same positions for NO~2~ substitution. Carbon atoms in the *meta* positions are basically unaffected by the substitutions. The charge rearrangements in the σ system are only partially explained by the inductive effects of R. The fact that the σ charges are large for the *ortho* and *para* positions but negligible for *meta*, instead of simply decreasing in magnitude with the distance from the substituent, means that there is an energetic stabilization going along with a partial neutralization of the charge rearrangements in the π system by the σ system.

The depletion of σ electron density caused by the NH~2~ group in *ortho* and *para* positions leads to a magnitude reduction of the magnetic coupling between σ~C1--C,H~ and ![](c7sc02163a-t3.jpg){#ugt3} in the paramagnetic shielding. This is clear from [Fig. 3](#fig3){ref-type="fig"}. The weight of these occupied orbitals around C1 decreases upon substitution (in [Fig. 4](#fig4){ref-type="fig"}, C1 is one of the carbons not bound to the substituent). The reduced weight decreases the overlap of the magnetic-field 'rotated' σ orbitals with the π\* orbital, and therefore it reduces the magnetic coupling in the paramagnetic shielding. Accordingly, in [Table 1](#tab1){ref-type="table"}, both the σ~C1--C~ and σ~C1--H~ NLMO contributions to the **σ** ^para^ term are less negative when the NH~2~ group is in *ortho* and *para* position rather than *meta*. Therefore, the known effect of the NH~2~ group, *i.e.* increased *ortho* and *para* shielding, is actually a reduction of de-shielding contributions from the σ system. The larger reduction of electron density in *ortho* position correlates with the stronger substituent shielding effect in *ortho* position. For the *meta* position, the negligible charge effects agree with the similar carbon shielding in benzene *vs.* the substituted systems.

Despite this increased *ortho* and *para* shielding being tied to the occupied σ orbitals, we can connect the less effective paramagnetic mechanism of the σ~C1--C~ and σ~C1--H~ orbitals with the π orbitals as well, in an indirect fashion. Since the π electron density is increased in the *ortho* and *para* positions, *via* shifting weights toward C1 in the occupied π orbitals, the low-energy unoccupied π orbitals must undergo shifts in the reverse. Referring again to [Fig. 3](#fig3){ref-type="fig"}, the combined σ and π effect in the occupied orbital set decreases the C1 weight in the occupied magnetic-field perturbed σ orbitals and in the unoccupied π orbital in the magnetic coupling matrix elements entering **σ** ^para^. Therefore, the π accumulation of electron density in the *ortho* and *para* positions has an effect on the magnetic response of the occupied σ orbitals *via* magnetic coupling with low-energy π orbitals, reinforcing the reduced weight effects from the σ orbitals.

Electron density patterns at the carbon atoms upon substitution also describe the effect of NO~2~ group in *para* position. As the NO~2~ substituent increases the σ electron density at the *para* carbon atom, the magnetic couplings between σ~C1--C,H~ and ![](c7sc02163a-t4.jpg){#ugt4} are intensified ([Fig. 3](#fig3){ref-type="fig"}) and large negative contributions are found for the **σ** ^para^ term. This behavior is seen for both σ~C1--C~ and σ~C1--H~ NLMOs ([Table 1](#tab1){ref-type="table"}). Accordingly, the NO~2~ group in *para* position causes a de-shielding of C1, while in *meta* there is little effect. As in the case of the NH~2~ substituent (but with an opposite trend), the density changes from the occupied π orbitals cause reverse effects in the low-energy π\* orbitals, which reinforce the paramagnetic perturbations of the σ framework.

The increased C1 shielding effect of the NO~2~ substituent in *ortho* position requires further explanation. According to the overall VDD σ charge (and, indirectly, the π charge), an increase of the paramagnetic de-shielding would be expected. However, the calculated shielding displays the opposite behavior. [Table 2](#tab2){ref-type="table"} collects individual shielding contributions of the σ~C1--C,H~ NLMOs. It is seen that σ~C1--C2~ is responsible for the positive shielding effect of the NO~2~ substituent in *ortho* position, relative to benzene. In contrast, σ~C1--C6~ and σ~C1--H~ display similar de-shielding trends as found for the *para* position. In fact, the weight of C1 in these orbitals (ESI, Tables S5--S7[†](#fn1){ref-type="fn"}) shows that the overall σ density accumulation in *ortho* position is caused by σ~C1--C6~ and σ~C1--H~, whereas σ~C1--C2~ is associated with a depletion of electron density. The calculated trends in [Table 2](#tab2){ref-type="table"} are therefore fully compatible with the C1 weight argument ([Fig. 3](#fig3){ref-type="fig"}) used to rationalize the *o*,*m*,*p*-NH~2~ and *p*-NO~2~ effects.

###### σ~C1--C2~ and σ~C1--C6~ NLMO contributions to the σ~11~ shielding component, and σ~C1--H~ NLMO contributions to the σ~22~ component of the **σ** ^para^ term of the C1 shielding tensor for benzene and NO~2~--benzene (ppm). *ortho* (*o*-), *meta* (*m*-), and *para* (*p*-) is the C1 position relative to R

  NLMO        R                                
  ----------- ---------- ---------- ---------- ----------
  σ~C1--C2~   --131.60   --116.49   --129.70   --136.54
  σ~C1--C6~   --131.60   --133.87   --131.77   --136.54
  σ~C1--H~    --140.42   --144.75   --142.82   --152.35

The peculiar influence of σ~C1--C2~ is explained as follows: C1 is the NMR nucleus, and for *ortho* substitution C2 is the carbon bound to the nitro group. [Fig. 4](#fig4){ref-type="fig"} shows that the inductive σ effect of NO~2~ is particularly large at C2 (0.1 electron density depletion), due to the strong electron-withdrawing inductive effect of the NO~2~ group. This goes along with a considerable polarization of σ~C1--C2~, shifting the weight from C1 to C2, as shown in Table S5 in the ESI.[†](#fn1){ref-type="fn"} While there is an overall increase of the σ electron density on C1, the σ~C1--C2~ polarizes in the opposite way. The reduced **σ** ^para^ de-shielding caused by the σ~C1--C2~ bond out-weighs the contributions from all other orbitals. Accordingly, the NO~2~ group causes an increased shielding in *ortho* position.

Conclusions
===========

The σ bonding orbitals spanning the C1 carbon of interest (σ~C1--C2~, σ~C1--C6~, and σ~C1--H~) are identified as responsible for the NMR shielding/de-shielding effects caused by π electron donating and withdrawing substituents depending on their position relative to C1. The π orbitals do not explain these effects, as conventionally suggested in chemistry textbooks, for two reasons: (i) the nuclear magnetic shielding is not related to the electron density in a simple way because it is a response property. Charge accumulation/depletion arguments must be made on a per-orbital basis and potentially take into account the corresponding effects on low lying unoccupied orbitals. (ii) Electron deformation density patterns induced in the π system by electron donating or withdrawing groups cause a mirror pattern in the σ system that is crucial to understand the related NMR shielding effects.

Because of the magnetic coupling of occupied σ with unoccupied π orbitals in the paramagnetic shielding mechanism, there are additional implicit dependencies of the C1 shielding on the deformation density patterns induced by the R-substituents. For example, the substituent effects on the occupied π orbitals affect the low-energy unoccupied π\* orbitals, which couple magnetically with the occupied σ orbitals. The π\* trends reinforce those in the occupied σ orbitals. For NO~2~, the increased shielding in *ortho* position is caused by a polarization of the C1--C2 σ bond toward the substituent, despite the electron deformation density indicating an overall σ accumulation at C1.

In summary, the classical organic chemistry concepts about the reactivity and regioselectivity of the benzene ring in electrophilic aromatic substitutions are not in a simple way related to the carbon NMR chemical shifts. However, the analysis shows that in a more indirect way there is an obvious relationship. A study of both the σ and π orbital sets is needed in order to relate the carbon chemical shift trends to the π electron density accumulation and depletion patterns in the substituted benzene rings. Since the *ortho*--*meta*--*para* patterns in the π electron density cause mirroring changes in the σ framework, the chemical effects of the R groups that manifest in electrophilic substitutions are ultimately responsible for the observed ^13^C NMR shifts. These effects persist in multi-substituted benzenes, *e.g.* with additional halogen groups, as we will report in a follow-up study.
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[^1]: †Electronic supplementary information (ESI) available: Experimental ^13^C NMR chemical shifts, individual components of the ^13^C NMR shielding tensor, lists and graphics of NLMO contributions, and tables of NLMO properties. See DOI: [10.1039/c7sc02163a](10.1039/c7sc02163a) Click here for additional data file.
